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1.1. Background  
1.1.1. Topography and river basins of Ethiopia  
Ethiopia is considered as one of the largest countries in the continent of Africa with an entire 
area of about 1.13 × 106 km2 extending from latitude 3° to 15° N and longitude 33° to 48° E. The 
country is characterized by high complex of topography with high and lowlands, where the 
remarkable variations in elevation ranges from hundreds of meters below sea level at the 
northeastern areas to thousands of meters above sea level at the highlands of the northern parts. 
Ethiopia as one of the east African countries was affected by the Great Rift Valley that 
separated the country into two main plateaus (southeastern and western highlands) causing a high 
terrain complexity due to its extension from northeast to southwest of the country (Figure 1.1). 
The rift system has two flanks surrounded by southeastern highlands to the eastern flank and to 
the western flank are the western highlands with massive mountain ranges divided by steep and 
deep sided valleys of the main rivers, while the lowlands are located to the south and east of the 
southeastern highlands and to the west side of the western highlands.  
On one hand, the country is distinguished by an essential amount of water resources and the 
majority of its river basins are derived from the high mountain ranges and are accelerated across 
systems of steep valley. On the other hand, the hydrological setting is highly variable in the region. 
As shown in (Figure 1.1), Ethiopia has twelve basins as following: (i) eight river basins; (ii) one 
lake basin (Lake Tana basin); (iii) the three other basins are dry.  
In 2016, the Food and Agriculture Organization (FAO) detected the river basins from the three 




1. The Nile basin including Blue Nile or Abbay, Tekeze and Mereb, and Baro-Akobo basins. 
Abtew and Melesse in 2014 investigated that the Nile Basin contributes about 85% of the 
Nile river annual flow and it covers about 33% of Ethiopia and it drains the northern and 
central regions westwards. 
2. The Rift Valley basin including Danakil, Awash, Central Lakes, and Omo-Gibe basins. It 
represents about 28% of the Ethiopian area with a set of separate interior basins expanded 
from Djibouti in the north to the United Republic of Tanzania in the south, where about 
50% of its total area is located in Ethiopia. 
3. The South-East basin including Ogaden, Genale-Dawa, Wabi-Shebelle basins. About 
39% of the country is covered by this basin and it drains the southeastern mountains 
towards the Indian Ocean and the Republic of Somalia. 
 
 
Figure 1.1 (a) Location map of Ethiopia and (b) Topography and Ethiopian main river basins of 
extracted from Shuttle Radar Topography Mission (SRTM) with 90 m resolution and Digital 






The river basins originated from the western highlands flow towards the west into the basin 
system of the Nile River, the latter is passing through Sudan and Egypt and those derived from the 
eastern highlands flow easterly into the Republic of Somalia. The estimated potential of Ethiopian 
surface water of about 120 billion m3/year is derived from these twelve river basins. The majority 
(about 80%) of surface water, originating from the western and southeastern highlands with high 
rainfall amounts, is lost as runoff to the neighbor countries (FAO 2016). Thus, Ethiopia represents 
the water tower for the Horn of Africa.   
The Ethiopian groundwater resources is low compared to the resources of surface water and 
its potentiality was estimated of about 2.6 billion m3/year. Thus, the country has the ability to 
irrigate about 5 million ha depending on these existing resources of water (Awlachew 2010). 
Furthermore, the MoFED in 2010 estimated the potential of the country’s hydropower of about 
45,000 MW. Nevertheless, such high potentials are not fully invested because of some technical 
challenges, limited resources of finance, and lack of decision makers in the government who have 
a perfect plan for utilizing these potentials (Berhaun et al. 2014). Consequently, Ethiopia has some 
obstacles to meet the increased demand for water supply, food, and energy because of the 
increasing rate of population, urbanization’s rapid expansion and various economic activities.  
1.1.2. Climate of Ethiopia  
Given the Ethiopian high variability of topography and the geographic location close to the 
Indian Ocean and the equator, the spatial and temporal variations in precipitation (mainly rainfall) 
and temperature are high over the country (Gamachu 1988; Fazini et al. 2015). The main 
climatological factors influencing the rainfall over the country: (i) the migration of the Intertropical 




over the Arabian landmasses and Sahara; (iii) formation of sub-tropical high pressure over the 
Azores; (iv) flow of cross-equatorial moisture from the southern, central, and equatorial parts of 
the Indian Ocean, tropical Africa, and Atlantic Ocean, respectively; (v) flow of the upper-level 
tropical easterly jet over Ethiopia; and (vi) low-level Somali jet (Korecha and Barnston 2007). 
Moreover, high topographic and marked variations in altitudes over vast areas of Ethiopia and the 
proximity of the continent of Asia have to be considered (Berhaun et al. 2014; Fazini et al. 2015; 
Fenta et al. 2017a). 
Climate spatial variations include the rainfall seasonal cycle, amount, onset and cessation times, 
and length of growing season (Gamachu 1988; Segele and Lamb 2005). Sometimes rainfall can be 
temporally varied from days to decades in terms of the magnitude and direction of rainfall trends 
over seasons and regions (Jury and Funk 2012; Seleshi and Zanke 2004). These spatio-temporal 
variations in Ethiopian rainfall are attributed to the variable altitudes (Gamachu 1988). Moreover, 
the variable Sea Surface Temperatures (SSTs) over the Indian, Pacific, and Atlantic Oceans 
(Segele et al. 2009a & Segele et al. 2009b; Korecha and Barnston 2007) and the interannual and 
interseasonal variations in the strength of monsoon over the Arabian Peninsula (Segele and Lamb 
2005; Segele et al. 2009a, b). 
Korecha and Barnston in 2007 indicated that Ethiopia exhibits three cycles of seasonal rainfall: 
(i) summer rainy season (locally known as Kiremt), it extends from June to September (JJAS) and 
controlled by Guinean monsoon, of equatorial humid and warm winds, and orographic variations 
result in a plenty of rains; (ii) winter dry season (Bega) extending from October to January (ONDJ) 
and influenced by the trade winds blowing from northeast to southwest of the country. These 
relatively cool but rather dry winds originated from the contrast between the equatorial low 




(locally called Belg) that ranges from February to May (FMAM) and influenced by the Congo 
basin’s southwestern winds causing relatively rains over the southern part of Ethiopia. 
Consequently, the annual rainfall is marked by high spatial variations due to such complex climatic 
dynamics, where the rainfall can range from few millimeters as in Danakil depression to over than 
2,000 mm over the Ethiopian highlands.  
The temperature in Ethiopia is highly affected by variations in altitudes (Fazini et al. 2015), 
where the mean annual temperatures range from 35°c at 155 m below sea level as in Danakil 
depression to less than zero degree at highlands of 4,000 m above sea level (UNESCO 2004). 
Given the topographic variations between highlands and lowlands, the landscapes in Ethiopia show 
a large-scale climatic variety from arid to humid areas, in addition to other significant 
microclimatic diversity over small regions because of the variable micro-relief. 
The United Nations Environmental Program embraces the classification of Ethiopian climatic 
zones (Barrow 1992). The map of aridity index (the ratio between the mean annual precipitation 
to the mean annual potential evapotranspiration) is shown in (Figure 1.2) that indicates the climatic 
areas of Ethiopia as humid (26%), dry sub humid (13%), semiarid (34%), and arid regions (27%).  
Rainfall is considered the most crucial climatic factor for rain-fed agriculture, hydropower 
projects, and social and economic development plans in Ethiopia (Conway et al. 2011). Across 
time and space, the rainfall shows high variations because of elevation variations and complex 
topography over the country (Gamachu 1988). On one side, many previous studies indicated that 
rainfall temporally changes from days to decades with the direction and magnitude of the historical 
rainfall trends, the latter is varying from season to season and from one area to another (Cheung et 





Figure 1.2 Climate classification of Ethiopia based on the Global Aridity Index dataset provided 
by the Consultative Group for International Agriculture Research‒Consortium for Spatial 
Information (CGIAR-CSI) via CGIAR-CSI Geoportal (http://www.csi.cgiar.org). (After Fenta 
2018). 
On the other side, the rainfall is spatially variable across Ethiopia including variations in start 
and end times, amount, and seasonal cycle of rainfall, as well as the range of the growing season 
(Segele and Lamb 2005; Gamachu 1988). 
These spatio-temporal rainfall variations across the country are controlled by major factors, 
such as variable altitudes (Gamachu 1988), the variable Sea Surface Temperatures (SSTs) over the 
Indian, Pacific, and Atlantic Oceans (Segele et al. 2009a, b; Korecha and Barnston 2007) and the 
interannual and interseasonal variations in the strength of monsoon over the Arabian Peninsula 




teleconnections or associations between SST over different oceanic regions and rainfall is crucial 
for producing a reliable climate prediction.  
The annual north to south migration of ITCZ mainly controls the spatio-temporal variations of 
rainfall over Ethiopia. During summer rainy season from June to September (JJAS) (hereafter, the 
seasons of 4-month will be abbreviated through the first letter of every month, e.g. JJAS), the rain 
covers most regions of Ethiopia except southern and southeast lowlands. These rains result from 
the moisture fluxes coming from Atlantic and Indian Oceans due to the moving of low pressure 
ITCZ of the Arabian and the Sudan over Ethiopian highlands (Viste and Sorteberg 2013).  
The spring season (FMAM) covers the southern, southeast, and east regions of Ethiopia. From 
March to May, the northward ITCZ causes the orographic rains over  east-central, south-central, 
and southwestern parts of the country, as well as the moisture flow from Gulf of Aden and Indian 
Ocean, due to low pressure ITCZ over the southern part of Sudan, produces the main rainfalls at 
southern and south-east parts of Ethiopia, while east, north-east, and east-central regions has 
secondary rains (Seleshi and Zanke 2004; Viste and Sorteberg 2013; Segele et al. 2009a). In winter 
dry season (ONDJ), it starts with small rains from September to November covering the southern 
part of Ethiopia due to southward migration of ITCZ, thereafter the dry masses of air from 
December to February result in predominant rainfalls at southern parts of the country. These air 
masses are caused by either the anticyclone of Saharan and/or Arabian high-pressure ridge (Gissila 
et al. 2004; Kassahun 1987). 
1.2. Description of the study area (Upper Blue Nile Basin) 
The Upper Blue Nile Basin (UBNB), locally known as Abbay basin, occupies the western part 




shown in (Figure 1.1). The mean annual precipitation was estimated of about 1,600 mm (Sutcliffe 
and Parks 1999). Moreover, about 48.5 km3 was the estimated mean annual discharge from the 
basin (Conway 2000). It starts at Lake Tana with an elevation of about 1,800 m above mean sea 
level and ends at falls of Tississat, which vertically drop over of about 50 m (Shahin 1985). 
In general, the UBNB in the western part annually receives more rainfall (1,000-2,400 mm) 
than other northern, eastern, and southern parts of Ethiopia. In 2010, Kloss and Legesse showed 
that the rainfall increases with altitude due to the orographic influence, the latter represents a 
prominent challenge for all prediction models of rainfall in the region. Rainfall has a crucial role 
in the basin hydrology, where the lack or excess of rainfall lead to undesirable droughts or flooding, 
respectively. Thus, it would be useful to fully investigate the rainfall forecasting models over the 
basin for the optimal allocation of water usage.   
For Sudan and Egypt, the Nile River is considered the main water supply that comes from one 
of the main tributaries locating at UBNB in Ethiopia, where more than half of the total stream flow 
of the Nile reaches the Egyptian Aswan High Dam (Conway 2000; Seleshi and Demaree 1995; 
Yates and Strzepek 1998). Summer rainfall forms about 70% of the UBNB’s annual rainfall 
(Conway 2000). Moreover, 85%-95% of agriculture in Ethiopia occurs at summer rainy season, 
so the UBNB is basically the most important water resource for the country and neighboring 
countries.  
1.2.1. General overview and geology of Lake Tana basin 
Lake Tana, as the largest lake in the country, is considered the main freshwater source for the 
Blue Nile basin (McCartney et al. 2010), as well as it is the Nile Basin’s third biggest lake covering 
an area of about 15,000 km2 and 15 m depth with flat bottom and the slope is steep at the borders 




northwestern part of Ethiopia between longitudes 36.89° and 38.25°E and latitudes 10.95° and 
12.78°N, with width of 66 km and length of 84 km. It is distinguished by diverse topography with 
elevations ranging from (1,000-4,000 m) above mean sea level, and of about 3,156 km2 as a surface 
area (Tegegne et al. 2013).  
Lake Tana contains half of freshwater in Ethiopia. Only four rivers (Megech, Ribb, Gumara, 
and Gilgelabay) feed the lake with water, regardless of more than 40 streams and rivers flow into 
the lake (Alemayehu et al. 2010; Setegn et al. 2008). In 2010, Alemayehu et al. estimated the mean 
annual inflow of the Lake of about 158 m3/s. The Blue Nile River represents the only surface 
outflow of Lake Tana with the flow of 4 ×109 m3/year as measured at the rainfall station of Bahir 
Dar.  
 
Figure 1.3 Map showing the topography of the Lake Tana basin and locations of rainfall gauging 
stations. Elevations are extracted from the Shuttle Radar Topographic Mission (SRTM) 30-m 




In early Pleistocene was the formation of Lake Tana due to the volcanic activity that blocked 
a number of river’s course (Mohr 1962). The waterfalls were most likely created by the lava 
separating the headwaters of Lake Tana from the lower basin of the Blue Nile (Rzóska 1976a). A 
recent collection of geophysical and core data showed the accumulation of about 100 m of 
sediments in the lake’s core (Lamb et al. 2007). In addition, the data indicated that the complete 
dryness of the lake occurred between 18,700 and 16,700 calibrated age BP, during the stiff 
deposition of the sediments at the base of lake.  
From the lake’s core, the periphytic diatoms and peat showed environments of shallow water 
and swamps of papyrus following the desiccation in the central basin between 16,700 and 15,100 
calibrated age (cal) BP. The halophytic diatoms indicated the slight salinity of the lake due to the 
evaporation of surface water during the rise of the lake water level. At 14,750 cal BP, freshwater 
conditions of the lake abruptly returned, when the Lake Tana overflowed into the Blue Nile basin 
(Lamb et al. 2007). 
1.2.2. Regime of climate over the Upper Blue Nile 
The basin is mainly influenced by the migration of ITCZ that controls the amount of rainfall 
in the summer season. The records of rainfall indicate a high spatio-temporal variation over the 
UBNB locating at the western highlands of Ethiopia (Degefu 1987; Gamachu 1977; Sutcliffe and 
Park 1999). In 2012, Lucio et al. investigated the seasonal variability of rainfall over the basin, 
where the rains fall over much of the year, but the highest amount of rainfall are recorded at the 
wet months from July-September (JAS) due to the position of ITCZ in the northern hemisphere. 
Moreover, the dry season extends from November to March (NDJFM), while the transition 




Another study (Kloos and Legesse 2010) indicated that the rainy season during summer 
(Kiremt) at the western highlands occurs from June to September (JJAS), while the dry season 
(Belg) covering the northern, southern and central parts of the country occurs from February to 
May (FMAM). Basically, the moisture carried from the Indian Ocean by the southeasterly winds 
is the cause of the first rainy season over the country (FMAM), while the second season of rainfall 
(JJAS) is due to southeasterly and southwesterly winds. Therefore, the variations occur at the 
seasonal rainfall and wind could be sequenced by 3 months (OND), (JFM), (AMJ), and (JAS) or 
4 months (ONDJ), (FMAM), and (JJAS). 
1.3. Problem statement and objectives 
Previously (Diro et al. 2011b), Ethiopia has been classified into three main subregions based 
on the annual cycle rainfall: (i) the southern part with two seasons of rainfall; short rains (SON) 
and long rains (MAM); (ii) the eastern and central parts with rainfalls recorded in summer (JJAS) 
and spring (FMAM); (iii) the central-western and northern parts has one season of rainfall peak 
recorded in July/August. Nevertheless, the seasonal rainfall over the country has a high interannual 
variation due to the diversities in the migration and intensity of the African ITCZ from one year to 
another (Segele et al. 2009a; Kassahun 1987).  
The teleconnections between rainfall over Ethiopia and oceanic Sea Surface Temperatures 
(SSTs) plays a crucial role for enhancing the forecasting models of rainfall over the country, so 
this relation needs to be fully understood. However, these teleconnections between SSTs and 
variations in rainfall have been investigated in a few studies during the last few decades.  
On one side, the majority of the previous studies concentrated only on summer rainy season 
(JJAS). For instance, the anomalies in SSTs over the Indian and equatorial east Pacific (ENSO; El 




summer season, where cooling/warm events produce excess/deficit of rains over the center and 
north of Ethiopia (Diro et al. 2011a; Gissila et al. 2004; Segele et al. 2009a, b; Korecha and 
Barnston 2007). In 1997, Camberlin showed that the variations in summer rainfall (June-
September) over the highlands of East Africa is related to the activity of Indian monsoon.  
On the other side, some of previous researches identified the link between SSTs over Gulf of 
Guinea and Atlantic Ocean and summer rains (Defegu 1987; Diro et al. 2011a; Segele and Lamb 
2005; Wolde-Georgis et al. 2001). Moreover, the rainfall over the northern part of Ethiopia that 
influence the flow of the Nile River has been correlated to the overturning circulation pattern of 
Atlantic Ocean (Jury 2010), where the rainfall cycles showed an interdecadal variations (10-12 
years).  
Evidently, the teleconnections between oceanic SSTs and the main rainfall season (MAM) 
over the southern part of Ethiopia are much less investigated, where Diro et al. (2008) was one of 
the few studies to predict the rainfall (MAM) using SST anomalies over the Indian, Atlantic and 
Pacific Oceans. Furthermore, the secondary rainy season (SON) over the southern part of the 
country has not been studied.  
Essentially, the Upper Blue Nile basin represents a major water source (about 60%) for the 
Nile River (Taye and Willems 2012). The basin had experienced both of the hydrologic extremes 
(droughts and floods) through the past few decades. Such floods and droughts severely affect the 
rain-fed agriculture that accounts for half of the country’s gross production with about 85% of 
Ethiopian labor force (Diro et al 2011; Abegaz et al. 2007). In addition to, the lack of rainfall data 
in a good quality and data gaps at the records of rainfall gauges over the basin (Alhamshry et al. 
2019; Fenta et al. 2018). Thus, the reliable investigations for the teleconnections between oceanic 




Subsequently, the overall objective of this study is to enhance current knowledge about the 
impact of oceanic SSTs on rainfall over Ethiopia in general and the Blue Nile basin in particular. 
Definitely, increasing understanding for such teleconnections would be useful for improving the 
potential of prediction models for seasonal rainfall over the country. Consequently, such precise 
information or prediction models would be beneficial for an efficient management of Ethiopian 
water resources, especially if such a hydrologic extreme (drought) is expected, it would be valuable 
for other purposes such as reservoir operations, hydrological analyses, and risk assessments of soil 
erosion (Haregeweyn et al. 2017; Fenta et al. 2019). Otherwise, the fully understanding of rainfall 
variations over the Blue Nile basin would potentially assist Sudan and Egypt as downstream 
countries that heavily depend on the water of the Nile River. 
Accordingly, specific objectives were carried out to achieve the main aim of this study as 
follows; 
• Using various sources for rainfall data covering the country to fill the data gap appeared 
at rainfall records as explained in (chapter 2).   
• Statistical analysis of rainfall data over both of large-scale (Ethiopia) and local-scale 
with considerable rainfall variations (Lake Tana), the latter is the major water source 
for the Blue Nile basin. This investigation on the local-scale would support the optimal 
use of water resources.  
• Analyzing the correlation between spatio-temporal rainfall trends and global SST over 
certain oceanic regions, despite most of previous studies lack to relate rainfall 
variability to such a key predictor or large-scale driver, such as Sea Surface 
Temperatures (SSTs). 
• Identifying the influence SST of different oceanic regions on rainfall in different 




studies focused only on the summer rainy season extending from June to September 
(JJAS) over Ethiopia. 
• Dividing Ethiopia into homogeneous rainfall zones (clusters) due to the high spatial 
rainfall variability. New clusters were introduced in this study to improve the skill of 
teleconnections between SSTs and rainfall.  
• Using Artificial Neural Network (ANN) as a prediction model for long-term rainfall 
data over Lake Tana. 
1.4. Thesis outline 
This thesis comprises five chapters. Chapter 1 presents the general introduction, which 
includes background information, description of the study area, and the problem statement and 
research objectives. In Chapter 2, the data source and Methodology were introduced. Chapter 3 
deals with the influence of SST on rainfall over a local-scale (Lake Tana basin) and Prediction 
model of rainfall using ANN technique. Chapter 4 examines rainfall variability on a large-scale 
(whole Ethiopia) in different rainy seasons. Finally, Chapter 5 presents the overall summary and 













Prediction of summer rainfall over the source region of the Blue Nile by 


















This chapter is composed based on the following paper: 
Alhamshry A, Fenta AA, Yasuda H, Shimizu K, Kawai T (2019) Prediction of summer rainfall over the source 







The Blue Nile River basin, which drains the central and northwestern Ethiopian highlands, is 
a crucial resource for water, hydroelectric power generation, and food security for Ethiopia, Sudan, 
and Egypt. Even though its basin forms about 8% of the Nile basin area, the Blue Nile contributes 
about 60% of the Nile River flow at Aswan High Dam, Egypt (Taye and Willems 2012). The Nile 
River represents the only significant water resource for Egypt and Sudan (Berhane et al. 2014), 
and in Ethiopia the Blue Nile River supports the agricultural livelihood of millions of people (e.g., 
Haregeweyn et al. 2017; Sultan 2018a, b). In an effort to substantially reduce poverty and increase 
agricultural production, the Ethiopian government is pursuing plans for sustainable use of this 
water resource for irrigation and hydropower development. 
Rainfall in the Ethiopian highlands is the main source of freshwater to the Nile River basin. 
According to Korecha and Barnston (2007), the Ethiopian highlands experience three seasonal 
rainfall cycles: Kiremt (June–September), Bega (October–January), and Belg (February–May). 
The first of these is the most important meteorological variable, accounting for 65–95% of annual 
rainfall totals (Gleixner et al. 2017b). Six regional climatological features control summer rainfall: 
(i) the meridional migration of the Inter-Tropical Convergence Zone; (ii) formation of warm lows 
over the Sahara and Arabian landmasses; (iii) establishment of subtropical high pressure over the 
Azores; (iv) cross-equatorial moisture flow from the southern Indian Ocean, central tropical Africa, 
and the equatorial Atlantic; (v) the upper-level Tropical Easterly Jet flowing over Ethiopia; and 
(vi) the low-level Somali jet (Korecha and Barnston 2007).  
Given that a large part of the population relies on rain-fed farming (Diro et al. 2011a), 




Thus, reliable and accurate predictions of summer rainfall can greatly benefit various development 
sectors and environmental monitoring efforts (e.g., Barnes 2017; Ebabu et al. 2018; Fenta 2016, 
2017a; Gebremedhin et al. 2017) and support a drought early-warning system to meet the people’s 
needs for food and water (Gebrehiwot et al. 2011).  
Summer rainfall in many regions of Ethiopia is highly variable from year to year (e.g., Fenta 
et al. 2017b; Seleshi and Demaree 1995). Previous observational studies have suggested that this 
interannual variability is controlled by large-scale phenomena, such as the El Niño–Southern 
Oscillation (ENSO hereafter) (e.g., Camberlin 1995; Gissila et al. 2004; Segele and Lamb 2005; 
Seleshi and Demaree 1995). A modeling study by Folland et al. (1986) also suggested that SSTs 
in the Pacific and Indian oceans influence Ethiopian summer rainfall. In addition, several recent 
studies (e.g., Diro et al. 2011a; Gleixner et al. 2017b; Korecha and Barnston 2007) have 
investigated the correlation between summer rainfall in Ethiopia and SSTs in various regions. 
 Most of the previous studies depended on SSTs as a predictor of seasonal rainfall. For instance, 
Gleixner et al. (2017a) showed that 50% of summer rainfall in Ethiopia is influenced by variability 
in the equatorial Pacific SSTs. Segele and Lamb (2005) found that SSTs in the tropical Pacific and 
western Indian Ocean influence the onset and the cessation of summer rainfall, respectively. Diro 
et al. (2011b) showed that summer rainfall in different parts of Ethiopia is related to SSTs in the 
equatorial Pacific, the midlatitude northwest Pacific, and the Gulf of Guinea. Other studies also 
reported that summer rainfall in Ethiopia is negatively correlated with East Pacific SSTs, and 
rainfall shows a deficit during El Niño years (e.g., Diro et al. 2011a; Gissila et al. 2004; Korecha 




Most previous studies have concentrated on rainfall prediction over all of Ethiopia or the entire 
Blue Nile basin (e.g., Berhane et al. 2014; Diro et al. 2011a, b; Gleixner et al. 2017a, b). However, 
Ethiopian rainfall teleconnections are too generalized and there is considerable variability at a 
more local scale (Diro et al. 2011b). Therefore, this study focused on the Lake Tana basin, 
representing the source region and the major tributary of the Blue Nile basin. Moreover, the Lake 
Tana basin serves both Ethiopia and the downstream Nile countries as a source for hydroelectric 
power, agriculture, livestock production, ecotourism, and other benefits (e.g., Fenta et al. 2018; 
Haregeweyn et al. 2017; McCartney et al. 2010). Given the rapid development of water resource 
projects in the basin, accurate prediction of summer rainfall over the Lake Tana basin will have 
significant economic implications.  
Seasonal rainfall prediction methods fall into three categories: statistical, dynamical, and 
hybrid (Diro et al. 2011b). Previous studies have shown that the most successful seasonal 
prediction methods exploit the statistical correlation between rainfall amounts and SSTs in the 
preceding months (e.g., Diro et al. 2011a; Gissila et al. 2004; Korecha and Barnston 2007). The 
statistical method of prediction relies on linkages between rainfall and climate parameters, of 
which SST is the key predictor because it changes slowly and is strongly coupled to the atmosphere 
(Diro et al. 2011b). Therefore, in this study we sought to develop a predictive model for summer 
rainfall in the Lake Tana basin by identifying the oceanic regions for which their SSTs have strong 
teleconnections to summer rainfall. For this purpose, we applied a neural network model to 
evaluate predictions of summer rainfall from SSTs in these oceanic regions at useful lead times. 
This process began by evaluating teleconnections to various climatic indices, then by analyzing 




2.2. Study area 
The Lake Tana basin covers an area of about 15,000 km2 in northwestern Ethiopia, between 
latitudes 10.95° and 12.78°N and longitudes 36.89° and 38.25°E (Figure 2.1a). Approximately 66 
km wide and 84 km long, Lake Tana is the largest lake in Ethiopia and the third largest in the Nile 
basin. It has a surface elevation of 1,800 m, an area of about 3,000 km2, and a maximum depth of 
15 m (Kebede et al. 2006). The basin has a complex topography, with elevations ranging from 
1,780 to 4,110 m (Figure 2.1b). 
 
Figure 2.1 (a) Location map of northeastern Africa showing the study area in northern Ethiopia 
and (b) map showing the topography of the Lake Tana basin and locations of rainfall gauging 
stations. Elevations are extracted from the Shuttle Radar Topographic Mission (SRTM) 30-m 




The mean annual rainfall in the study area is 1,272 mm, of which 1,024 mm, or 80.5%, occurs 
in the summer rainfall season. Rainfall is mainly concentrated from June to September and is 
greatest in July and August, corresponding with the lowest coefficient of variation (Figure 2.2). 
When normalized with respect to the long-term (1985–2015) average, the annual summer rainfall 
tended to alternate between dry and wet years between 1985 and 1998 and to vary randomly 
between dry and wet in later years (Figure 2.3). Lyon (2014) documented significant variations in 
annual rainfall over west-central Ethiopia, conditions being relatively wet during the 1950s and 
1960s and increasingly dry starting in the 1980s, accompanied by increased drought. This record 
emphasizes the high spatial variability of rainfall in the Lake Tana basin due to its complex 
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Figure 2.3 Summer rainfall in the study area normalized with respect to the 1985–2015 average. 
 
2.3. Data and methods 
2.3.1. Data sources 
2.3.1.1. Rainfall data 
For this study, three sets of monthly rainfall data were considered covering the period 1985–
2015. The first set consists of in situ measurements from 12 rain gauges within and near the basin 
(locations in Figure 2.1) provided by the Ethiopian National Meteorological Agency. The second 
set is the satellite estimates in the Climate Hazards group Infrared Rainfall with Station (CHIRPS) 
dataset version 2, with a spatial resolution of 5 km, and the third set is the precipitation data in the 
Climate Research Unit (CRU) database of the University of East Anglia 
(https://www.cru.uea.ac.uk/data).  
The rain gauge data are compromised by short record lengths, discontinuities in coverage, 
and poor data quality. Under such circumstances, satellite rainfall estimates are viable data sources 




In this study, the reliability of the raw satellite rainfall estimates was evaluated by the strength 
of their correlation with the rain gauge data. The CHIRPS data were the most reliable by this 
measure (r > 0.95) for all months, and the correlation was less strong with the CRU data (r > 0.8). 
Moreover, Dinku et al. (2018) evaluated the CHIRPS dataset against 1200 reference rain gauge 
measurements from Ethiopia, Kenya, and Tanzania and reported that CHIRPS was better than 
most high-resolution satellite products of rainfall data in many regions of East Africa.  
The five main data sources used in the creation of CHIRPS are (i) monthly precipitation 
climatology from the Climate Hazards Group (University of California) Precipitation Climatology 
database, at 5 × 5 km grid scale, (ii) quasi-global geostationary thermal infrared satellite 
observations from the Climate Prediction Center and the National Climatic Data Center, (iii) the 
Tropical Rainfall Measuring Mission 3B42 product from NASA, (iv) atmospheric model rainfall 
fields from the National Oceanic and Atmospheric Administration Climate Forecast System, and 
(v) in situ precipitation observations obtained from a variety of sources including national and 
regional meteorological services (Funk et al. 2015). More details of the CHIRPS algorithm, global 
and regional validation results, and example applications are given in Funk et al. (2015).  
2.3.1.2. Sea surface temperatures 
Global SST data were obtained from Hadley Centre Global Sea Ice and Sea Surface 
Temperature (HadISST) version 1.1 by the British Atmospheric Data Center (Rayner et al. 2003). 
This product gives monthly mean temperatures with a resolution of 1° × 1° for the period 1984 – 
2015 (one year more than the rainfall data), considering lag months. 
Recently, Deser et al. (2010) indicated the reliability of HadISST influence in the eastern 
equatorial Pacific. The HadlSST data was used for this study because of its length and its use in 




Diro et al. 2011a,b; Korecha and Barnston 2007) and the influence of SST on summer rainfall in 
the Blue Nile basin (e.g., Berhane et al. 2014; Elsanabary and Gan 2014).  
2.3.1.3. Climatic indices  
The study relied on six climatic indices as below. Five of them were selected based on the 
previous studies that addressed the climate variability over Africa.   
The Pacific Decadal Oscillation (PDO) index describes the low-frequency variations of 
Pacific Ocean SST in the eastern equatorial and the northern west Pacific (Mantua et al. 1997). 
The PDO data were downloaded from the database of the Joint Institute for the Study of the 
Atmosphere and Ocean (https://jisao.washington.edu/pdo/PDO.latest).  
Different studies have investigated the historical relationship between the PDO and climate, 
especially precipitation, drought, and stream flow as hydrological quantities (e.g., Brown and 
Comrie 2004; Gershunov and Barnett 1998; Hu and Huang 2009; Kurtzman and Scanlon 2007; 
McCabe et al. 2012; Oakley and Redmond 2014; Zhang et al. 2010). These studies concentrated 
on the influence of PDO phase on ENSO teleconnections.   
The Southern Oscillation Index (SOI) represents the normalized mean monthly difference in 
sea level atmospheric pressure between Tahiti and Darwin. The SOI data were downloaded from 
the CRU database (https://www.cru.uea.ac.uk/cru/data/soi/). Some previous studies have shown 
that SOI influence rainfall variability over the Blue Nile basin in Ethiopia (e.g., Conway 2000; 
Taye and Willems 2012).  
The Indian Ocean Dipole (IOD) index is defined as the difference between SSTs in two 
regions of the equatorial Indian Ocean (50–70°E, 10°S to 10°N and 90–110°E, 10°S to 0°S). The 
IOD index data were downloaded from the Japan Agency for Marine-Earth Science and 




The close link between the presence of SST mode in the Indian Ocean and the variability of 
rainfall over eastern Africa has been demonstrated by Camberlin (1997), Nicholson (2017), and 
Saji et al. (1999).   
The North Atlantic Oscillation (NAO) index is traditionally defined as the normalized 
pressure difference between a station in the Azores and one in Iceland. The NAO index data were 
downloaded from the CRU database (https://crudata.uea.ac.uk/cru/data/nao/). Some previous 
studies investigated the association between the rainfall variability and NAO climate index, 
especially in Ethiopia and southeastern Africa (e.g., Jury 2010; McHugh et al. 2001). 
The Arctic Oscillation (AO) index is based on the counterclockwise circulating winds around 
the Arctic at around 55°N latitude. The AO index data were downloaded from the CRU database 
(https://crudata.uea.ac.uk/cru/data/ao/). Lin et al. (2009) and  Wang et al. (2005) indicated the 
influence of both NAO and AO on the atmospheric variability in the Northern Hemisphere.  
The Mediterranean Oscillation Index (MOI) represents the normalized pressure difference 
between Algiers (36.4°N, 3.1°E) and Cairo (30.1°N, 31.4°E). The MOI data were downloaded 
from the CRU database (https://crudata.uea.ac.uk/cru/data/moi/). The influence of MOI climate 
index on the rainfall of Lake Tana basin in Ethiopia has been tested in our present study. 
2.3.2. Methods 
The Lake Tana basin was treated as a single region, consistent with many other regional-
scale studies (e.g., Berhane et al. 2014; Taye and Willems 2012). Diro et al. (2011a) divided 
Ethiopia to five homogeneous rainfall zones and the Lake Tana basin is one part of the divided 
zones (northwest Ethiopia). The study was applied to 500 points on 5 × 5 km gridded CHIRPS 




2.3.2.1. Correlation analysis 
The Pearson product-moment correlation coefficient was used to evaluate the relationship of 
summer rainfall with climatic indices and regional SSTs. The Student’s t-test against the null 
hypothesis of no correlation was used to assess statistical significance (Lloyd-Hughes and 
Saunders 2002). Correlations |r| > 0.36, |r| > 0.46, and |r| > 0.56 correspond to statistical 
significance levels of 0.05, 0.01, and 0.001, respectively.  
To investigate potential teleconnections between SSTs and summer rainfall over the Lake 
Tana basin, we calculated lagged correlation coefficients (r) between climatic indices and summer 
rainfall for lags ranging from 0 to 9 months (e.g., Kumbuyo et al. 2014; Smith et al. 2000; Yasuda 
et al. 2009, 2017; Yuan et al. 2016).  
Cross-correlations with time lags of 4 to 5 months were considered to be most desirable for 
predictions of rainfall in the June–September (JJAS) period. For instance, the interannual time 
series of SST in January (lag of 5 months prior to the summer rainfall season) could be used as a 
predictor of summer rainfall (JJAS). If a strong correlation is found, it will be able to predict 
summer rainfall 5 months before the rainy season. 
2.3.2.2. Prediction of summer rainfall from SST using Artificial Neural Network (ANN) 
Our neural network model was constructed to predict summer rainfall in the Lake Tana basin 
on the basis of teleconnections between summer rainfall and SSTs (Elman  1990; Sfersos and 
Coonick 2000). Neural networks have long been used to simulate phenomena in meteorology and 
hydrology (e.g., Goyal and Ojha 2012; Olsson et al. 2001; Uvo et al. 1998).  
Neural networks derive relationships between the inputs and outputs of a system through 




Furthermore, neural network can be used to connect two variables with strong degrees of 
nonlinearity without system dynamics. Thus, it has been applied in various fields due to its high 
flexibility to combine two variables (e.g., Bishop 1995; Cho 2003; Dash et al. 2010; Elsanabary 
and Gan 2014; Yasuda et al. 2009).   
In this study, an Elman recurrent neural network was applied, a three-layer model in which 
the input layer represents SSTs and the output layer produces rainfall values through the hidden 
layer (Figure 2.4). Elman neural network has a recurrent system. The output of hidden layer is 
feedback to input layer and it is suitable for fitting time series, where the output of hidden layer at 
step (n) is transferred to the input to the network for the next step (n+1). The input and output 
layers, each consisting of two neurons, correspond to sequential SST and rainfall values, 
respectively, and the hidden layer consists of five neurons.  
The connections between neurons have weight factors imposed upon them. The data (1985–
2000) were used to train the network, the calculated rainfall data of the output layer being 
compared to the observed rainfall data, and the weight factors are then adjusted by using a back-
propagation algorithm (e.g., Bishop 1995). The optimized model is then applied to the data from 
2001–2015. The final optimization is defined as the best fit (strongest correlation) for the entire 





Figure 2.4 Schematic diagram showing the structure of the Elman recurrent neural network used 
in this study. At each iteration, the output value of the hidden layer of the previous time step is 
added to the input layer. 
2.4. Results and discussion  
2.4.1. Influence of climatic indices on summer rainfall 
The correlation analysis showed that summer rainfall in the Lake Tana basin is positively 
correlated with SOI, MOI and AO and negatively correlated with PDO (Figure 2.5). The most 
consistent of these correlations is with the PDO index, with correlation values of –0.619, –
0.528 and –0.407 for lags of 0, 1, and 2 months, respectively. Figure 2.6 shows the respective 
time series of summer rainfall and PDO at a lag of 0 month. 
The results are consistent with some previous studies. For instance, Jury (2010) reported a 
significant correlation between PDO and summer rainfall in Ethiopia that suggested a 
teleconnection with Pacific Ocean SSTs. Taye and Willems (2012) reported that changes in 




They found that annual and seasonal rainfall in the Blue Nile basin were positively correlated 
with SOI and negatively correlated with PDO at the 1% significance level. Conway (2000) 
reported that annual rainfall in the Upper Blue Nile basin had a strong positive correlation with 
SOI.  
Korecha and Barnston (2007) showed that summer rainfall in Ethiopia was governed 
primarily by ENSO and secondarily by climate indicators near Africa and the Indian and 
Atlantic oceans. 
 Other studies showing a link between ENSO and Ethiopian rainfall include Abtew et al. 
(2009), Diro et al. (2011a, b), and Seleshi and Zanke (2004). Other studies have attempted to 
explain the variability of rainfall over Ethiopia using other climatic indices. For example, 
Camberlin (1997) linked July–September rainfall variability in the East African region to the 
Indian monsoon, and Jury (2010) reported that the zonal overturning circulation of the Atlantic 
Ocean influenced the rainfall mode over northern Ethiopia. East African climate also has been 
reported to be influenced by the IOD (Saji et al. 1999) and the well-known Niño 3.4 ENSO 
index (Indeje et al. 2000). Our results and the preponderance of previous studies emphasize 


























Figure 2.5 Correlations between summer rainfall in the study area and climatic indices.  
The dashed lines indicate a significance level of 0.05. 
 







































Figure 2.6 Time series of the average PDO index for JJAS (lag of 0 month) and summer rainfall 





2.4.2. Cross-correlations between summer rainfall and SST 
Figure 2.7 presents the significant (|r| ≥ 0.46) cross-correlations between summer rainfall in 
the Lake Tana basin and SSTs around the world during the 1985–2015 period of record for time 
lags of 0 to 9 months (September to the previous December). For lags of less than 5 months, large 
areas of negative correlation in the northeastern and western Pacific are the dominant feature in 
these plots. However, at longer lags the correlations are strongly positive in the western Pacific, 
especially for January and February, such that higher SSTs in that area coincide with more summer 
rainfall in the source region of the Blue Nile. In real time (no lag), significant negative correlations 
dominate the eastern equatorial Pacific off the coast of Peru.  
Previous studies have reported that summer drought in western and central Ethiopia is 
associated with El Niño (e.g., Korecha and Barnston 2007; Segele et al. 2009; Seleshi and Zanke 
2004), which corresponds to the rainfall signal of ENSO across the Sahel (Camberlin et al. 2010). 
Although variability of rainfall across the Sahel is linked to tropical Atlantic SST anomalies, the 
latter does not show as strong an effect on JJAS rainfall in west-central Ethiopia (Lyon 2014).  
A study by Williams et al. (2012) showed that summer rainfall in parts of the Horn of Africa 
is associated with SST in the southern Indian Ocean. Amarasekera et al. (1997) reported that 
rainfall over the Blue Nile and Atbara rivers, the two main tributaries of the Nile, showed strong 
negative correlations with Pacific Ocean SST, accounting for the observed ENSO signature in the 
Nile basin. A study by Gleixner et al. (2017a) showed that 50% of JJAS rainfall in Ethiopia is 





Figure 2.7 Correlations of monthly global SST with summer rainfall in the study area for 1985–





2.4.3. Prediction of summer rainfall  
To investigate possibilities for summer rainfall predictions, Figure 2.8 shows two areas where 
SSTs in both January and February (4–5 months prior to the summer rainfall season) are 
significantly correlated (|r| ≥ 0.46) with JJAS rainfall in the Lake Tana basin for the period 1985–
2015, one area in the western Pacific around the Philippines and the other in the northeastern 

























Figure 2.8 Common regions of the Pacific Ocean that are strongly correlated with 
summer rainfall in the study area at lags of both 4 and 5 months. 
Figure 2.9 shows the time series of spatial average SST in these two regions and JJAS rainfall 
in the study area. A simple regression analysis showed that the correlations between these time 
series were strongly positive (0.629) for the western Pacific region and somewhat less strongly 
negative (–0.538) for the northeastern Pacific region. We take these findings as an indication of 





























































Figure 2.9 Time series showing summer rainfall in the study area and January–February SST of 
Pacific regions (locations in Figure 2.8). 
The neural network was used to predict JJAS rainfall in the Lake Tana basin on the basis of 
these teleconnections (Figure 2.10). The resulting correlations, 0.817 for the western Pacific region 
and 0.778 for the northeastern Pacific, are about 20% stronger than the results from the simple 
regression analysis as shown in Figure 2.9. The improvement gained with the neural network 
model exceeds those offered by previous studies. For example, Elsanabary and Gan (2014) used a 
neural network to predict observed data for the Upper Blue Nile basin with correlations between 




The skill shown by the neural network is a promising development for practical purposes. 
Accurate predictions of summer rainfall would be very beneficial for uses such as early warnings 
of drought and allocation of water between Ethiopia and other downstream countries such as Egypt 
and Sudan. As similar models advance due to better understanding of the climatic factors, they 
may produce skillful predictions of summer rainfall in Ethiopia in general as well as the Lake Tana 




Figure 2.10 Time series of observed summer rainfall in the study area and corresponding rainfall 
predicted by the neural network from SST in the (a) W-Pacific and (b) NE-Pacific regions 





Summer rainfall (June–September) accounts for about 80% of the annual rainfall in the Lake 
Tana basin of Ethiopia, the source region of the Blue Nile River. Prediction of summer rainfall 
would be valuable for managing the region’s water resources and agricultural operations. This 
study investigated the influence of sea surface temperature (SST) as a predictor of summer rainfall 
in the basin by applying cross-correlation analysis between summer rainfall and climatic indices 
and SST in various oceanic regions from 1985 to 2015.  
Summer rainfall showed a strong negative correlation (–0.619) with the Pacific Decadal 
Oscillation index at short time lags. Further analysis identified strong teleconnections (|r| ≥ 0.5) 
between SSTs in specific parts of the Pacific Ocean and summer rainfall in the Lake Tana basin, 
raising the possibility of predicting summer rainfall from Pacific SSTs with a lead time of 4 to 5 
months. Average SSTs of an area near the Philippines and an area west of North America were 
positively correlated (0.629) and negatively correlated (–0.538), respectively, with summer rainfall 
in the Lake Tana basin.  
Predictions of summer rainfall from these teleconnected SSTs by an Elman recurrent neural 
network model were encouraging, indicating a strong correlation (r > 0.77) between the observed 
and predicted summer rainfall.  
This study demonstrated that the developed neural network model is skillful enough to 
provide the basis of seasonal rainfall predictions over the basin of Lake Tana in Ethiopia, a 
prerequisite for early drought warnings and accurate water allocation among the nations that rely 
on the Nile River. To expand the scale from the basin size to country wide, the meteorological 
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Alhamshry A, Fenta AA, Yasuda H, Kimura R, Shimizu K (2020) Seasonal Rainfall Variability in Ethiopia and Its 






Globally, rainfall variability across time and space affects all aspects of human activity, 
especially agricultural economies and social activities. In particular, rainfall is the most significant 
meteorological parameter in Ethiopia, as approximately 85% of the Ethiopian labor force is 
employed in rain-fed agriculture which highly depends on low or high amounts of rainfall 
availability vital for crop production (Diro et al. 2011a). Moreover, the Ethiopian Electric and 
Power Corporation (EEPCo) declared that the local hydropower contributed to more than 98% of 
the energy production in 2005, 2006, and 2007 (Diro et al. 2011b). 
The geographical location and topographic complexity of Ethiopia produce high rainfall 
variability in the region across space and time (Gamachu 1988). Spatial variations include the 
rainfall seasonal cycle, amount, onset, and cessation times, and length of growing season 
(Gamachu 1988; Segele and Lamb 2005), but sometimes, rainfall can be temporally varied from 
days to decades in terms of the direction and magnitude of rainfall trends over regions and seasons 
(Jury and Funk 2012; Seleshi and Zanke 2004).  
Moreover, these spatio-temporal variations in rainfall are attributed to, in Ethiopia, the 
variable altitudes (Gamachu 1988) and over the Pacific, Atlantic, and Indian oceans (Segele et al. 
2009a; Segele et al. 2009b; Korecha and Barnston 2007), the variable sea surface temperatures 
(SSTs), including the interannual and interseasonal variations in the strength of monsoon over the 
Arabian Peninsula (Segele and Lamb 2005; Segele et al. 2009a; Segele and Lamb 2009b).  
In 2011 Diro et al. described the highlands of Ethiopia to exhibit three cycles of seasonal 
rainfall: spring mid-rainy season (February–May), summer rainy season (June–September), and 
dry season (October–January), locally known as Belg, Kiremt, and Bega seasons, respectively. In 




over the region: (i) migration of the intertropical convergence zone (ITCZ) meridionally; (ii) warm 
lows formed over the Arabian landmasses and Sahara; (iii) formation of sub-tropical high pressure 
over the Azores; (iv) flow of cross-equatorial moisture from the southern, central, and equatorial 
parts of the Indian Ocean, tropical Africa, and Atlantic Ocean, respectively; (v) flow of the upper-
level tropical easterly jet over Ethiopia; and (vi) low-level Somali jet. 
Different studies have shown that SST can provide crucial predictive information regarding 
hydrological variability in different regions of the globe (Alhamshry et al. 2019; Yasuda et al. 
2009; Tootle and Piechota 2006). For instance, most previous studies (Diro et al. 2011a; Diro et 
al. 2011b; Segele and Lamb 2005; Segele and Lamb 2009a; Segele and Lamb 2009b; Korecha and 
Barnston 2007; Alhamshry et al. 2019; Gissila et al. 2004; Camberlin 1995) have focused only on 
addressing the linkage between summer rains (June–September) that contribute to about 65%–
95% of the total annual rainfall in Ethiopia (Gleixner et al. 2017) and global SSTs. 
Generally, the majority of previous studies relied on SST as a main predictor of Ethiopian 
seasonal rainfall. For example, El Niño/Southern Oscillation (ENSO) as a large-scale phenomenon 
has a significant influence on the interannual variability of Ethiopian rains (Gissila et al. 2004; 
Camberlin et al. 2001; Seleshi and Demaree 1995), while the effect of SSTs of Pacific Ocean, 
Indian Ocean, and Gulf of Guinea on the summer rainfall of Ethiopia was indicated in (Diro et al. 
2011b; Folland et al. 1986; Camberlin 1997). Meanwhile, low-level winds from the Atlantic and 
Indian oceans influenced rainfall of summer (Kiremt) season (Segele et al. 2009a; Segele et 
al.2009b; Camberlin 1995). A few of these studies indicated some correlations between SSTs over 
Gulf of Guinea and southern Atlantic Ocean and summer rainfall over Ethiopia (Diro et al. 2011b, 
Segele and Lamb 2005; Segele et al. 2009a; Segele et al. 2009b). Moreover, associations between 




are much less investigated. For example, two studies only (Diro et al. 2008; Degefu et al. 2017) 
used SST anomalies from the Pacific, Indian, and Atlantic oceans to predict spring rainfall. 
Generally, the majority of previous studies imply that the teleconnections between SST and 
Ethiopian rainfall are complicated on both spatial and temporal scales and still not well 
investigated. Therefore, the objective of this study is directed toward more understanding the 
characteristics of interannual variability of rainfall in the country and investigating clearly the 
influence of global SSTs on Ethiopian rainfall peaks at various regions and seasons (summer and 
spring), to reinforce the skill of rainfall predictions that would be valuable for operations of 
reservoirs (Digna et al. 2018), assessment and allocation of water resources (Fenta et al. 2015; 
Woldesenbet et al. 2018), and for mitigation of disasters related to rainfall such as flooding and 
drought (Abeje et al. 2019).  
Also, the better understanding of the rainfall variability plays a key role in several applications 
including hydrological analysis (Belay et al. 2019; Berihun et al. 2019; Fenta et al. 2017a; Fenta 
et al. 2017b; Sultan et al. 2018a; Sultan et al. 2018b) and soil erosion risk assessment (Ebabu et al. 
2018; Ebabu et al. 2019; Fenta et al. 2016; Fenta et al. 2019; Haregeweyn et al. 2017). 
For these aforementioned purposes, based on the Climate Research Unit (CRU) database of 
rainfall and SST data over the period 1951–2015, it would be valuable to divide Ethiopia into 
homogenous rainfall zones due to high spatial variability of rainfall over the country. Different 
previous studies have relied on principal component analysis for zonation (Ehrendorfer 1987; Dyer 
1975), but this technique delivered no significant results in case of complex variability of rainfall, 
as in Ethiopia (Gadgil and Josh 1993).   
For Ethiopia, there is no previous study for comprehensive regional zoning depending on 
spatial patterns of teleconnections for various seasons of rainfall. Only the summer rainfall seasons 




2011b; Gissila et al. 2004) based on interannual correlations of rainfall amounts and homogenous 
annual cycles of rainfall from rain gauges. 
 In this regard, this study considered two main seasons (summer and spring) of rainfall over 
Ethiopia to define the homogenous rainfall zones based on SST to rainfall teleconnections besides 
other factors mentioned in a previous study (Gissila et al. 2004) such as standardized rainfall cross-
correlations, annual cycles of rainfall, and geographical vicinity. Moreover, correlation analysis 
was applied to investigate the links between global SSTs in different oceanic regions and Ethiopian 
summer and spring rainfalls. SST is a main indicator because of its slowly varying rate of change 
and the high ocean–atmosphere coupling (Diro et al. 2011b). Finally, these significantly correlated 
SST areas with Ethiopian rainfall are suggested to sufficiently enhance the seasonal rainfall 
predictions over Ethiopia in further studies. 
3.2. Materials and methods 
3.2.1. Study area 
The entire Ethiopian domain has an overall area of 1.13 × 106 km2 and spans from latitude 3° 
to 15° N and longitude 33° to 48° E. The region is distinguished by highly complex topography in 
the northern and central highlands and by the lowland of the East African Rift Valley in the 
traversed northeast–southwest portion. Altitudes range between hundreds of meters below sea 
level in the northeastern regions to thousands of meters above sea level in the northern highlands 
(Figure 3.1).  
Based on seasonal rainfall cycle, Ethiopia can be divided into three main regions: (i) northern 
and central western areas with one rainy season whose peak occurs in July/August; (ii) southern 




and (iii) eastern and central parts of the country with two rainy periods called spring season 
(February–May) and summer rainy season (June–September) (Kassahun 1987). 
 
Figure 3.1 Location map of the study area: (a) Location of Ethiopia in eastern Africa; (b) A map 
of Ethiopia showing the mean annual rainfall distribution at 200 mm interval isohyets (blue lines) 
based on Climate Research Unit (CRU: https://www.cru.uea.ac.uk/data) data of 1951‒2015. The 
background provides elevation data extracted from a 90 m resolution Shuttle Radar Topographic 
Mission (SRTM: http://srtm.csi.cgiar.org/). 
The interannual rainfall in Ethiopia is highly variable during all seasons. Previous studies 
(Segele and Lamb 2005; Segele et al. 2009a; Segele et al. 2009b; Gissila et al. 2004) observed that 
this variability is basically influenced by large-scale phenomena (e.g., ENSO), while other studies 




(Folland et al. 1986). Investigating this large-scale relation between SST of different oceanic 
regions and rainfall over Ethiopia is defined as teleconnection.  
Definitely, rainfall is related historically to different climate parameters. However, SST is the 
prominent indicator due to its slow rate of change that helps for long-term investigations (Diro et 
al 2011b). Therefore, variable teleconnections motivate more accurate regional-scale prediction 
models for seasonal rainfalls over the country. The northwestern and central highlands of Ethiopia 
are considered main water resources not only for Ethiopia, but also for Sudan and Egypt where the 
Blue Nile basin contributes more than 50% of the Nile River flow (Taye and Willems 2012).  
Furthermore, at highlands (>1500 m), 90% of Ethiopian people reside and depend mainly on 
rain-fed agriculture, with a high percentage of labor forces (89%) involved in smallholder 
agriculture, while the remaining population lives at lowlands (<1500 m) surrounding the highlands 
(Cheung et al. 2008). Crop production in Ethiopia has two cycles: (i) long-cycle crops (e.g., 
sorghum) are cultivated during summer and spring seasons and account for half of the national 
production, and (ii) short-cycle crops (e.g., barley, wheat, teff) are grown during summer and 
spring rainfall seasons and are responsible for 40%–54% and 5%–10% of the Ethiopian crop 
production, respectively (Verdin et al. 2005). 
Given such a high dependence on rain-fed agriculture in Ethiopia, it becomes a vital matter to 
accurately identify rainfall trends and the influence of SSTs on seasonal rainfall for enhancing the 
seasonal prediction models within Ethiopia on a large scale, as these are expected to deliver various 
benefits for the development and achievement of environmental sectors planning to meet the food 





3.2.2.1. Rainfall data 
In many Ethiopian regions, existing rain gauges do not provide timely or sufficient rainfall 
pattern data due to the scattering of observations, uneven allocation, and data gaps in the original 
dataset (Fenta et al. 2017c; Fenta et al. 2018). These common problems cause inhomogeneity in 
the climate data series, causing an abrupt change in the average values and in series trend 
(Alexandersson and Moberg 1997). Additionally, gridded rainfall data have been widely used for 
different hydro-climatological analyses and climate variability studies (Alhamshry et al. 2019; 
Baigorria et al. 2007; Ghosh et al. 2009; Jury 2010; Mair and Fares 2010; Rajeevan et al. 2006). 
This study relied particularly on the monthly rainfall data of about 381 rainfall grid points 
obtained from the CRU database (https://www.cru.uea.ac.uk/data). The data range covered 65 
years of summer rainfall (1951–2015) and 50 years of spring rains (1951–2000) over Ethiopia. 
There are some previous studies (Tsidu 2012; Zaroug et al. 2014a; Zaroug et al. 2014b) that also 
showed the availability of using CRU data. 
3.2.2.2. SST data 
Global SST data (with resolution of 1° × 1°) used in this study covered the period (1950–
2015), i.e., 1 year prior to rainfall data considering lag time. These data were provided by the 
Hadley Centre Global Sea Ice and SST (HadISST) version 1.1 by the British Atmospheric Data 
Center and described by Rayner et al. in 2003. SST represents a key indicator due to its slow rate 




Many previous studies have focused on identifying the link between SSTs at various oceanic 
regions and Ethiopian rainfall (Diro et al. 2011a; Diro et al. 2011b; Korecha and Barnston 2007; 
Alhamshry et al. 2019; Degefu et al. 2017; Deser et al. 2010). 
3.2.3. Methods 
3.2.3.1. Zoning of rainfall grid points 
Dividing Ethiopia into homogenous rainfall zones was a crucial process due to the highly 
spatial variation in rainfall. Different zoning methods have been described in many studies (Gissila 
et al. 2004; Ehrendorfer 1987; Dyer 1975; Gadgil and Josh 1993; Diro et al. 2009). For this study 
though, a new division scheme was introduced based on the abovementioned rainfall data, as the 
standard classification of Ethiopia into three zones seemed inaccurate. The methodology followed 
herein was that of Gissila et al. (Gissila et al. 2004).  
Briefly, in the first procedure, cross-correlation was applied to identify the relation between 
monthly averaged rainfalls for various grids on each zone. In the second step, the mean correlation 
coefficient for rainfall zones was derived. Thus, grids showing similarity in annual rainfall cycles 
could be categorized. Subsequently, the boundaries of each zone were adjusted through the mean 
inter-grid correlations between and within zones to ensure zonal homogeneity. 
3.2.3.2. Standardization 
Standardization was conducted for each zone to detect statistically considerable changes in 
rainfall, where the dependent variable of annual zone rainfall was regressed on the independent 
variable of time. Here, the data used covered 65 (1951–2015) and 50 (1951–2000) years for 




significance of the Pearson correlation coefficient (r) following Student’s t-test as explained in 
detail by Hirsch et al. (Hirsch et al. 1993). The statistical significance of the trend was evaluated 
(at 0.01 significance level) against the null hypothesis of no trend for the series of data. 
3.2.3.3. Correlation analysis 
The cross-correlation between SST at each grid point and averaged rainfall over every 
homogenous zone was used to identify the potential coverabilities or teleconnections between 
global SSTs and averaged rainfall peaks of summer July/August (JA) and spring April/May (AM) 
over Ethiopia. Here, the Pearson product-moment correlation coefficient (r) was a crucial element 
for evaluating the teleconnection (remote linkage) between rainfall and SST at different 
significance levels. The value of (r) varied from +1 (perfectly positive correlation) to −1 (perfectly 
negative correlation), while zero indicated no link. Student’s t-test was applied against the null 
hypothesis of no correlation for the assessment of statistical significance (LIoyd-Hughes and 
Saunders 2002).  
Estimation of the statistical significance of a variable in time series has been explained in 
different previous studies (Hirsch et al. 1993; Box et al. 1970), whereas the significance of lag-1 
correlation coefficient was firstly introduced by Anderson in 1942 (Anderson 1942), followed by 
Kendall and Stuart in 1948 (Kendall and Stuart 1948). Higher-order lags were used when the first-
order correlation insufficiently depicted the serial dependence (McCuen 2003).  
For this purpose, lagged (r) was calculated for lags from 0 to 9 months, i.e., calculating (r) 
until October/November and July/August of the previous year to summer and spring peaks, 
respectively, for identification of lags that show significant correlations (Yasuda et al. 2009; Smith 




The normal distribution of SST data followed the distribution was explained in previous 
studies (Yasuda et al. 2009; Kodera 2004). Table 4.1 shows the calculated correlation coefficients 
|r| corresponding to statistical significance levels. For this study, the concentration was on the 
significance at 1% level (two-tailed) with the calculated correlation coefficients of 0.32 and 0.36 
for summer and spring rainfalls, respectively. 
Significance Level (α) 
Correlation Coefficient (r) Correlation Coefficient (r) 
Summer Rainfall (n = 65) Spring Rainfall (n = 50) 
0.05 0.24 0.28 
0.01 0.32 0.36 
0.001 0.40 0.45 
Table 3.1 Calculated values of Pearson’s correlation coefficient (r) corresponding to significance 
levels. 
3.3. Results and discussion 
3.3.1. Zoning of Ethiopia based on seasonal rainfall 
Figure 3.2 displays the country of Ethiopia being divided into two main subregions: (i) 
northern and central regions with nine zones (1–9) for summer rainfall and (ii) southern region 
with five zones (1–5) for spring rains. The average cross-correlations between and within zones 
were tested for various times for the optimal selection of a proper number of zones, as shown in 
Tables 4.2 and 4.3, with a reasonable homogeneity delineating a new classification for Ethiopia 




 In case of high spatial and temporal variability of Ethiopian rainfall, it would be crucial to 
delineate boundaries and define the country into homogenous zones, as the optimal zonation would 
be valuable for hydrologic modeling, prediction, ecological, and climate classification, or for any 
other analysis (Yasuda et al. 2018; Zhang et al. 2016). For this purpose, different research studies 
have been undertaken. For example, Korecha and Sorteberg (Korecha and Sorteberg 2013) 
indicated that the National Meteorological Agency of Ethiopia divides the region into eight 
homogenous zones depending on the main systems of atmospheric–oceanic circulation and rain 
production.  
Moreover, Gissila et al. (2004) grouped Ethiopia into four clusters based on seasonal rainfall 
cycles and homogeneity of interannual rainfalls at 24 rain gauges. Despite following the same 
methodology of the latter study, both this study and Diro et al.’s (2009) produced different results.  
Here, the country was divided into nine summer peak (JA) zones and five spring peak (AM) 
zones based on CRU seasonal rainfall data covering Ethiopia (381 grid points), whereas Diro et 
al. (2009) delineated five homogenous summer rainfall regions (June–September) and six spring 
zones (February–May) depending on the data from 33 rainfall stations and considering the 
interannual variation of seasonal rainfalls.  
Additionally, a number of recent studies carried out (Degefu et al. 2017; Tsidu 2012; Wagesho 
et al. 2013) obtained different zoning outcomes. Therefore, the classification of Ethiopia into 
homogenous zones could be different from one study to another, because of the high variability in 





Figure 3.2 Homogenous rainfall zones over Ethiopia obtained from correlation analyses using 
monthly rainfall variability of summer rainfall peaks July–August (JA) and spring rainfall peaks 
April–May (AM).  
Summer 
zones 
1 2 3 4 5 6 7 8 9 
1 1.000 -- -- -- -- -- -- -- -- 
2 0.361 1.000 -- -- -- -- -- -- -- 
3 0.603 0.548 1.000 -- -- -- -- -- -- 
4 0.786 0.371 0.676 1.000 -- -- -- -- -- 
5 0.274 0.748 0.473 0.374 1.000 -- -- -- -- 
6 0.409 0.536 0.863 0.436 0.371 1.000 -- -- -- 
7 0.164 0.240 0.586 0.107 0.140 0.683 1.000 -- -- 
8 0.305 0.332 0.531 0.325 0.388 0.387 0.302 1.000 -- 
9 0.369 0.146  0.630 0.359 0.144 0.324 0.397 0.562 1.000 
 





Spring Zones 1 2 3 4 5 
1 1.000 - - - - 
2 0.067 1.000 - - - 
3 0.596 0.556 1.000 - - 
4 0.690 0.174 0.649 1.000 - 
5 0.211 0.702 0.604 0.550 1.000 
Table 3.3 Mean cross-correlation (mean inter-grid correlation) between and within five spring 
zones. 
3.3.2. Temporal variation of rainfall 
3.3.2.1. Annual rainfall cycle 
Figure 3.3 shows the mean monthly rainfall values calculated for each zone. Apparently, the 
northern and central Ethiopian regions displayed a regime of monomodal summer rainfall cycle 
(June–September) with rainfall peaks in July/August (hereafter JA), which is consistent with that 
reported by Diro et al. (2011b). In contrast, the southern region of the country experienced bimodal 
rainfall cycles for spring or long rainfall (March–May) with rainfall peaks in April/May (hereafter 





Figure 3.3 Mean monthly rainfall over Ethiopia for (a) nine summer zones 
(1951–2010) and (b) five spring zones (1951–2000). 
3.3.2.2. Interannual rainfall variability 
Figure 3.4a shows a time series of standardized summer rainfall variability for each zone from 
1951 to 2015 with a considerable variation between wet and dry years from one zone to another. 
The northern and central rainfall zones displayed a successive time period of 2–4 years of dry and 
wet years without any distinct trend, in addition to three records of drought years in 1965, 1984, 
and 2002. Moreover, the magnitude of the series gradually decreased for all zones, except for the 
central zones (7 and 8).  
Figure 3.4b indicates the time series of standardized spring rainfall variability for each zone 




amount of rainfall from 1952 to 1956, but recovered in the late 1950s. Moreover, the drought years 
appeared in 1974, 1980, and 1984 with a prevalent drier condition from the beginning of the 1990s.  
Both figures also confirmed Ethiopia’s significant interannual rainfall variability with the year 
1984 being the major year of drought that covered the whole of Ethiopia (Seleshi and Zanke 2004), 
in which the standard deviations varied between 0.7-below-average in the southern zones and 
greater-than-2 below-average in the northern zones. Moreover, the country experienced abundant 
amounts of rainfall for 4 years (1951, 1961, 1967, and 1982) of the given 65 years for the study.  
These results were consistent with Seleshi and Zanke (2004) for their analysis of the annual 
rainfall totals and annual rainy days over the country. The Ethiopian rainfall variability has been 
described in numerous studies, depending on the leading mechanisms of the ITCZ migration, 
influences of topography, and various interactions of hydro-climate system on regional scales 
(Seleshi and Zanke 2004; Griffiths 1972). 
3.3.3. Teleconnections 
3.3.3.1. Cross-correlation between summer rainfall (July/August Peak) and oceanic SSTs 
Firstly, for the 65 years of summer rainfall (1951–2015), the correlation coefficients ±0.24, 
±0.32, and ±0.40 corresponding to significance levels of 0.05, 0.01, and 0.001 were calculated 
using two-tailed t-test. As shown in Figure 3.5, the common summer rainfall zones having the 
same significantly correlated SST regions were statistically extracted and represented at 
significance levels. In particular, this study relied on the 0.01 significance level with r = ±0.32, 
showing a significantly strong correlation at a lag time of 5–8 months between the July/August 
rainfall and SST at the nine zones. Positive and negative correlations were represented in red and 






Figure 3.4 Standardized time-series plot of annual rainfall totals for (a) summer rainfall zones 









Figure 3.5 Maps (a) and (b) showing the nine summer rainfall zones with cross-correlations 
between July/August summer rainfall of each zone and sea surface temperatures (SSTs) for 




From the standpoint of forecasting, possible correlations of SST with rainfall at longer lag 
times are potentially effective. For instance, as shown in the left side of (Figure 3.6), at 5–6 months 
lag period, Gulf of Guinea SST showed a significantly positive correlation with July/August 
rainfall in the central zones (6 and 9), while two regions in the Pacific Ocean exhibited the strongest 
teleconnection (positive and negative) between SST and rainfall at zones 8 and 9, due to the well-
known Pacific events of ENSO.  
A recent investigation of Gleixner et al. (2017) revealed that half of Ethiopian summer rainfall 
is affected by the variation of equatorial Pacific SST. Additionally, various previous studies 
indicated the teleconnection between SST of the Pacific and Ethiopian summer rainfall (Diro et al. 
2011a; Segele and Lamb 2005; Korecha and Barnston 2007; Gissila et al. 2004; Camberlin 1997; 
Block and Rajagoplan 2007) and excess of rainfall during spring season. 
At 6–7 months lag period, the central summer rainfall zones 4 and 6 indicated a significantly 
positive correlation with both Gulf of Guinea and a small area over the southeastern part in the 
Pacific. Diro et al. (2011b) identified the effect of the Pacific SST on rainfall, besides the influence 
of the Gulf of Guinea, over different parts of Ethiopia.  
The strongest influence of southern Indian Ocean SST on Ethiopian rainfall due to Ethiopia’s 
location was indicated at rainfall zones 5 and 7 (right side of Figure 3.6); however, the effect of 
the Indian Ocean SST was disregarded, as the study’s objective was directed toward the remote 










Figure 3.6 Extraction of common summer rainfall zones having the same significantly correlated 
SST regions (r ≥ 0.32) at lag times of 5–6 months (left side) and 6–7 months (right side). Red and 
blue colors indicate positive and negative correlations, respectively. 
For the northern summer zones 1 and 2, the northwest Pacific showed insignificant influence 
on rainfall (negative correlation) at a lag time of 7–8 months (Figure 3.7). In 2005, Segele and 
Lamb indicated that upper-level features such as the African easterly jet (AEJ), and tropical 
easterly jet (TEJ) affect summer rainfall over Ethiopia based on their strength and location. 
Moreover, moisture flux from the Atlantic and Indian oceans and as a lower-level circulation 
affected by the highs of Mascarene and St. Helena affects summer rainfall significantly (Kassahun 
1987).  
Generally, various previous studies (Diro et al. 2011a; Diro et al. 2011b; Camberlin 1995; 
Asnani 2005; Bekele 1997) identified the teleconnection between SST of the Indian Ocean and 




part of Pacific Ocean may affect summer rainfall as a main rainy season. These positive SSTAs 
are associated with deficits in summer rainfall and excess of rainfall during spring season. 
 
 
Figure 3.7 Extraction of common summer rainfall zones having the same significantly correlated 
SST regions (r ≥ 0.32) at the lag time of 7–8 months. 
3.3.3.2. Cross-correlation between spring rainfall (April/May Peak) and oceanic SSTs 
As shown in Figure 3.8, the common spring rainfall zones having the same significantly 
correlated SST regions were statistically extracted and represented at significance levels. In 
particular, this study relied on the 0.01 significance level with r = ±0.36, showing a significantly 
strong correlation at the lag period of 5–8 months between April/May rainfall and SST at five 
zones. 
From the standpoint of prediction, possible correlations of SST with rainfall at longer lag 
times are potentially effective. For instance, at lag time of 6–7 months, the northern Atlantic Ocean 
SST showed a significantly negative correlation with spring rainfall zones 3 and 5 representing 





Figure 3.8 Maps showing the cross-correlations between April/May spring rainfall of each zone 




Moreover, at 7–8 months, two regions at the southern Indian Ocean exhibited a strong positive 
influence on spring rainfall due to Ethiopia’s location for the southeastern zones 4 and 5 (right side 
of Figure 3.9). 
The passage of ITCZ controls the shape of seasonal rainfall cycle. Annually, it oscillates from 
15° N in July to 15° S in January and back again causing monomodal and bimodal rainfall patterns 
over northern and southern parts of Ethiopia, respectively (Asnani 2005). In addition to the 
difference between the land surface and Indian Ocean in the heat capacity inducing ITCZ’s 
meridional arm. The latter produces rainfall during February and March over the southwestern part 
of Ethiopia (Kassahun 1987). Additionally, the strength and location of upper-level feature of the 
subtropical westerly jet (STWJ) affects spring rainfall over the country (Segele and Lamb 2005). 
 
 
Figure 3.9 Extraction of common spring rainfall zones having the same significantly correlated 
SST regions (r ≥ 0.36) at a lag time of 6–7 months (left side) and 7–8 months (right side). Red and 
blue colors indicate positive and negative correlations, respectively. 
Generally, SST and spring rainfall teleconnections are spatially and temporally complicated, 
where Diro et al. ‘s (2008) was the only previous study to investigate the influence of SSTs of the 
Pacific, Atlantic, and Indian oceans on spring rains (March–May), depicting the main rainfall 




detailed understanding of such teleconnections that would be valuable for enhancing rainfall 
prediction system over Ethiopia. 
Finally, to visualize the SST regions showing significant correlation with seasonal rainfall 
over Ethiopia, the correlation coefficients between rainfall time series and SSTs were derived for 
the aforementioned summer and spring zones with significant correlations (Figures 3.10 and 4.11). 
These regions could be used as inputs for a forecasting model for further studies at a lead time 
before the rainfall season.  
For the summer season, a significant correlation was indicated (r ≥ ±0.37) at a lag time of 5–
6 and 6–7 months prior to the rainy season. In particular, summer zones (8 and 9) at 5–6 months 
lag period indicated opposite sense of positive and negative correlations, with the difference in 
SSTs enhancing the correlation. Thus, both zones (8 and 9) exhibited the strongest correlation (r 
≥ 0.46) between summer rainfall and SST among all other summer zones (Figure 3.10).  
On the other side, the spring rainfall zones (3 and 5) also showed significant correlation (r ≥ 
−0.40) at 6–7 months lag time, representing the influence of northern Atlantic Ocean SST, while 
the southern Indian Ocean SST exhibited the strongest correlation (r ≥ 0.5) at 7–8 months of lag 
time (Figure 3.11). 
These results suggest that SSTs of the southern Pacific and northern Atlantic oceans could be 
effective as inputs for prediction models of Ethiopian summer and spring rainfalls, respectively, 







Figure 3.10 Significant cross-correlations between selected summer rainfall zones and oceanic 
SSTs at lag times of 5–6 months for zones (6 & 9) and (8 & 9) (left side) and 6–7 months for zones 
(4 & 6) and (5 & 7) (right side) for the rainfall time series (1951–2015). Zones 8 and 9 show the 





Figure 3.11 Significant cross-correlations between selected spring rainfall zones and oceanic SSTs 
at lag times of 6–7 months for zones 3 & 5 (left side) and 7–8 months for zones 4 & 5 (right side) 
for the rainfall time series (1951–2000). 
3.4. Conclusions 
Ethiopian rainfall is characterized by both seasonal and interannual spatial variabilities. Thus, 
understanding the teleconnection (remote link) between Ethiopian rainfall and oceanic SSTs is a 
key factor for establishing future rainfall prediction models and further managing the country’s 
water resources.  
For this reason, this study was directed toward analyzing rainfall time series on both seasonal 
and annual scales, investigating their potential trends, and detecting their significance over 
Ethiopia, along with investigating the oceanic SST regions that significantly influence Ethiopian 
rainfall in order to detect the potential SST regions that could be valuable as input data for 




Firstly, in this study, rainfall data for summer (1951–2015) and spring (1951–2000) seasons 
were analyzed for identification of the rainfall peaks of July/August and April/May for summer 
and spring seasons, respectively. 
Secondly, preliminary clustering or dividing of Ethiopia into homogenous rainfall zones was 
applied, depending on seasonality and spatial homogeneity of rainfall data, which introduced a 
new number of rainfall zones for Ethiopia with 14 homogenous rainfall zones: nine rainfall zones 
for summer peak July/August and five zones for spring peak April/May.  
Thirdly, cross-correlations between SST and rainfall peaks at the 0.01 significance level 
revealed oceanic regions that significantly influence rainfall over Ethiopia at different lag times. 
For summer rainfall (main rainy season), the influence of Gulf of Guinea (positive correlation) and 
two regions in the southern Pacific Ocean (positive and negative correlations) was significantly 
detected at a lag time of 5–6 months. 
In addition, SST of northwestern Pacific showed a weak negative influence on summer 
northern rainfall zones (1 and 2) at a lag time 7–8 months, whereas SST of the Indian Ocean 
indicated a significantly negative effect on summer eastern and western zones (5 and 7) at a lag 
time of 6–7 months, being close to Ethiopia. For spring rainfall, the negative influence of the 
northern Atlantic Ocean SST was strongly detected on spring rainfall zones (3 and 5) at a lag time 
of 6–7 months, whereas two areas of the Indian Ocean showed a positive correlation between SSTs 
and spring rainfall zones (4 and 5). 
Finally, correlation coefficients (r) between these significant SST oceanic regions and both 
summer and spring rainfalls were derived for detection of the SST regions that could be valuable 
as input data for prediction models at lead times before both seasons. For the summer season, at a 
lag time of 5–6 months, both central zones (8 and 9) exhibited the strongest positive correlation (r 




due to the difference between positive and negative correlations at the two areas of the southern 
Pacific Ocean. Alternatively, a significantly negative correlation (r ≥ −0.40) was identified 
between spring rainfall zones (3 and 5) and the northern Atlantic Ocean SST at a lag time of 6–7 
months before spring season. 
Therefore, for later studies, it is recommended to use SST regions of the southern Pacific and 
northern Atlantic oceans as effective input data for forecasting models of Ethiopian summer and 









































4.1. General conclusions  
For Lake Tana basin (local-scale), the results indicated that the rainfall pattern over the basin 
is a monomodal with a rainfall peak in July/August. Moreover, the annual rainfall trend tends to 
alternate between dry and wet. The normalization of the selected long-term of rainfall data from 
1985 to 2015 (65 years of rain data). Mostly, the change in the annual rainfall data over time is not 
statistically significant. The Blue Nile basin is the only surface water outflow of Lake Tana basin, 
the latter is the largest fresh water source for the Blue Nile River and consequently, for the River 
Nile as a main water source for Sudan and Egypt. The basin is characterized by high spatial rainfall 
variability. Therefore, Oceanic SST to rainfall teleconnection is challenging.   
 The results of cross-correlations between summer rainfall data (June-September) and climatic 
indices showed a positive correlation with AO, MOI, and SOI indices, while the PDO has a 
significant negative correlation with summer rains at lags 0-9 months. Such results indicate the 
major influence of Pacific SST on summer rainfall at the basin. The two-tailed with 0.05 
significance level was adopted in this study. The correlation was applied at a significance level of 
0.05 at lag time from 0 to 9 months before the summer rainy season (JJAS). 
Essentially, the results of teleconnections of SST-rainfall were significant at a lead time of 4-
5 months prior the rainy season (JJAS) meaning that January- February monthly SST data were 
linked to summer rains over the basin. Two regions of the Pacific Ocean indicated a significant 
correlation, one area near Philippines where the SST was positively correlated with summer 
rainfall of about 0.63. The other area off the northern coast of America showed a significant 
negative correlation with rainfall of about -0.54.  
These significant teleconnections between two regions of Pacific SST and rainfall were used 




(65 years). The artificial Elman recurrent neural network enhanced the results of correlation 
between Pacific SSTs and summer rains to 0.8 and 0.7 of correlations between summer rainfall 
between and oceanic SST regions of western Pacific and north eastern Pacific, respectively. 
Generally, the results of this study indicate that neural network model could be skillful enough 
for seasonal rainfall prediction over the basin that would beneficial for more precise water 
allocation among downstream countries (Egypt and Sudan) and for early warnings of the 
hydrological extremes as flood or drought. The study recommends to apply neural network 
prediction model on large-scale, i.e. Ethiopia as a whole taking into consideration the various 
variations in meteorological properties over the country from one region to another.  
The results of statistical analysis of rainfall variability over all of Ethiopia (large-scale study) 
indicated that the rainfall trends have a bimodal trend for both summer (April and July/August) 
and spring rains (April/May and October). Where, two peaks for rainfall in Ethiopia were 
identified, which are July/August for summer rainy season and April/May for spring season. For 
Summer rains (JJAS), the results of the standardization of rainfall changes over the selected long-
term period (1950-2015) indicated a statistically significant interdecadal rainfall variability over 
time with some drought events recorded in 1965, 1984, and 2002. For spring rains (1950-2000), a 
statistically prominent interdecadal rainfall variability occurs over time with 5 periods of drought 
events in 1952, 1965, 1974, 1980, and 1984.  
Dividing Ethiopia into homogenous rainfall zones is a crucial factor due to the high spatial 
variability of seasonal and annual rainfall from one area to another. The outcomes of this 
regionalization result in dividing Ethiopia into 9 zones for summer rainfall and 5 zones for spring 
rainfall. At a significance level of 0.01, the result of cross-correlations shows significant 




of Guinea at a lag time of 5-7 months. While, the spring rainfall peaks has a significant correlation 
with Oceanic SST regions of northern Atlantic and Indian Oceans.  
Further results detected certain oceanic SST regions the significantly influenced rain peaks in 
summer and spring seasons. These regions would be useful as input data for further prediction 
models over Ethiopia. For instance, the study investigated that the central summer rainfall zones 
(8 and 9), of all 9 summer zones of rainfall, are strongly correlated with SST of southern Pacific 
Ocean at a lag time of 5-6 months. Moreover, the spring rainfall zones (3 and 5) show a significant 
correlation with SST of northern Atlantic Ocean at lag time of 6-7 months. Generally, this study 
focused on the first rainy season (FMAM) and the second rainy season (JJAS) over Ethiopia and 
addressed the significant influence of SSTs of northern Atlantic and southern Pacific Oceans on 
spring and summer rainfall zones, respectively. 
4.2. Recommendations 
Based on this research study, the author recommends the following: 
• The government should provide more advanced technology to observe rainfall over the 
country, as the quality of results relies on the quality of rainfall data.  
• Specifically, further research studies are required to investigate the influence of oceanic 
SSTs on rainfall variability over southern part of Ethiopia, especially for the main rainfall 
season from March to May (MAM) and for the secondary rainfall season ranging from 
September to November (SON).  
• Essentially, more studies on both scales (local and large) over Ethiopia are required to 
improve the assessment of spatio-temporal rainfall variations related to SST. Therefore, it 
would be beneficial for enhancing the prediction ability of rainfall over the country. 
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The rainfall variability across time and space influences all aspects of human activities, 
especially socio-economic ones. Particularly, the rainfall over Ethiopia is characterized by high 
spatial and temporal variations due to complex topography (highlands and lowlands) and 
geographical location. The rainfall is considered to be the most crucial meteorological parameter 
in Ethiopia. Thus, these spatio-temporal variations are required to be fully investigated for many 
reasons; agriculture in Ethiopia is the major sector that mainly depends on rainfall with about 85% 
of labor force in the country, as well as the rainfall is vital for hydro power projects that accounts 
for about 98% of the energy production.  
One of the large-scale drivers affect rainfall over Ethiopia is Sea Surface Temperature (SST) 
and could be used as a key predictor that slowly changed. Three main seasons of rainfall over the 
country; summer rainy (June-September), winter dry (October-January), and spring mid-rainy 
(February-May) seasons. Most of the previous studies focused only on the main summer rainy 
season, while the spring rainfall was investigated in a few numbers of researches. Therefore, the 
main objective of this study is to present more investigation for spring rainfall, as well as summer 
rains over both local and large scales. Moreover, this study aims to improve our understanding for 
the teleconnection between SST and rainfall over Ethiopia.  
No doubt, the full investigation for this relationship will enhance the quality and accuracy of 
rainfall prediction models. Consequently, such accurate models would be beneficial for water 
sources management, development plans, addressing the hydrological extremes (flood and 




The first study focused on the statistical analysis of summer rainfall data (1985-2015) on a 
local-scale over Lake Tana. The latter is the main freshwater source for the Blue Nile River which 
contributes to about 60% of the Nile River flow. In addition, investigating the teleconnection 
between oceanic SSTs and summer rains over and counter and finally using the Artificial Neural 
Network (ANN) model for summer rainfall prediction over the basin. 
The summer rains over the basin extend from June to September (JJAS that is locally known 
as Kiremt). The basin was considered as one single area, where the results indicated that summer 
rains have a monomodal trend with a high peak in July/August. The interannual rainfall variability 
alternates between wet and dry with no significant change over time. The cross-correlation at a 
significance level of 0.05, indicated a significant teleconnection between oceanic SST and summer 
rains at a lead time of 4-5 months prior to the rainy season. Especially, two SST regions in the 
Pacific Ocean had such an impact on rainfall.  
Furthermore, these tele-connected areas were used as input data for prediction model of 
ANN. The final result showed that the ANN model would be skillful enough for enhancing rainfall 
prediction over the basin, as it enhanced the correlation between summer rainfall and SST data for 
about 0.8.  
The second study aimed to expand the investigation about the influence of SST on rainfall 
from basin local size (Lake Tana) to the countrywide (Ethiopia). Moreover, both summer and 
spring rainy seasons were addressed. The long-term data for 65 years of summer rains and 50 years 
of spring rainfall were used. The results indicated the bimodal rainfall trend over the country with 




The regionalization of the country was crucial due to high spatio-temporal interdecadal rainfall 
variability. Ethiopia was divided into 14 rainfall zones in this study, 9 summer zones and 5 spring 
zones. The results of cross-correlations (significance level of 0.01) between SSTs and seasonal 
rainfall showed the influence of SST of Pacific, Indian, and Northern Atlantic Oceans and the Gulf 
of Guinea on the two seasons of rainfall over the country. In particular, SST regions over the 
Pacific and northern Atlantic Oceans had a significant teleconnection (remote link) with summer 
and spring rain peaks at a lead time of 5-6 and 6-7 months, respectively.  
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